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ABSTRACT
Lactadherin is a peripheral glycoprotein of the milk 
fat globule membrane with several attributed biological 
activities. In this study, we developed an indirect com-
petitive ELISA to determine lactadherin concentration 
by using a rabbit polyclonal antiserum. The ELISA 
was applied to quantify lactadherin in several dairy by-
products. Of the products tested, raw and commercial 
buttermilk had the highest concentrations of lactadherin 
(6.79 and 5.27 mg/g of product, respectively), followed 
by commercial butter serum (4.86 mg/g), commercial 
skim milk (4.84 mg/g), and raw whey (1.20 mg/g). 
The concentration of immunoreactive lactadherin was 
also determined in dairy by-products after they were 
subjected to different technological treatments. Thus, 
raw products were heat treated at combinations of tem-
perature and time typically used in the dairy industry, 
and commercial products were hydrolyzed using 3 pro-
teolytic enzyme preparations. Heat treatments of whey 
and buttermilk resulted in a smaller decrease in lacta-
dherin concentration than did hydrolysis as determined 
by ELISA and electrophoresis. At high temperatures 
for long durations, the loss of lactadherin was higher 
in whey than in buttermilk, with the maximal reduc-
tion of around 48% found after treating whey at 72°C 
for 60 min. Hydrolysis of commercial products with 
proteolytic enzymes resulted in a marked decrease of 
immunoreactivity within the first 5 min of treatment, 
which thereafter was constant throughout 4 h of hydro-
lysis. These results demonstrate that dairy by-products 
from milk fat processing are good natural sources of 
lactadherin, although technological processes have to 
be considered, because they have different effects on 
lactadherin content.
Key words: lactadherin, dairy by-product, heat 
treatment, hydrolysis
INTRODUCTION
Lipids are secreted in milk in the form of spherical 
droplets of about 4 to 5 µm in diameter called milk 
fat globules. These globules are surrounded by a thin 
membrane known as the milk fat globule membrane 
(MFGM). The MFGM is derived from the apical 
plasma membrane of lactating mammary epithelial 
cells, and is composed of proteins, lipids, and other 
minor constituents (Lopez, 2011). Among MFGM com-
ponents, proteins account for between 25 and 70% of 
its DM content, and isolation of MFGM proteins has 
gained increasing attention in recent years due to their 
great variety of bioactive properties (Danthine et al., 
2000; Fong et al., 2007). One MFGM protein of great 
interest is lactadherin, which is also found in a wide 
range of tissues: thyroid and salivary glands, kidney, 
lungs, and heart (Andersen et al., 1997), and in several 
body fluids, such as bronchoalveolar or bile (Butler et 
al., 1980). Lactadherin exists in 2 glycosylation variants 
(PAS-6 and PAS-7), which have the same protein 
core of 409 AA and molecular weights of 47 and 50 
kDa, respectively, as determined by SDS-PAGE (Kim 
et al., 1992). The reported biological functions of lac-
tadherin include antiviral (Parrón et al., 2016), antico-
agulant (Shi and Gilbert, 2003), and anti-inflammatory 
(Nyegaard et al., 2013) activities. 
Because of the great interest in the biological proper-
ties of MFGM proteins that could make them potential 
components of nutraceuticals and functional products, 
it is necessary to develop methods to quantify these 
proteins in different sources and select the best meth-
ods for their isolation. Generally, protein quantification 
is difficult if analytical standards are not available, as 
is the case for MFGM proteins (Fong and Norris, 2009; 
Holzmüller and Kulozik, 2016), or if the proteins are 
embedded in a membrane, such as the MFGM proteins 
butyrophilin and adipophilin (Vanderghem et al., 2011). 
Several techniques have been applied to estimate the 
concentration of MFGM proteins in dairy fractions and 
products. Among them, the measurement of stained 
electrophoretic band intensity has been extensively 
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used (Ye et al., 2002; He et al., 2010; Haddadian et al., 
2017). Pallesen et al. (2007) determined the concentra-
tion of mucin 15 (MUC15) in different milk fractions 
by measuring the intensity of the bands obtained after 
Western blotting, which included in-house–purified 
MUC15 standards. Most recently, to determine the 
concentration of some MFGM proteins, Fong and Nor-
ris (2009) used the absolute quantification technique 
(AQUA), currently applied in proteomic studies, and 
Holzmüller and Kulozik (2016) used a technique based 
on the measurement of fluorescence associated with 
protein bands separated by electrophoresis and their 
content of tryptophan. Although immunoassays have 
been extensively used to quantify a wide range of milk 
proteins (Conesa et al., 2005; Dupont et al., 2006), few 
studies have reported the quantification of MFGM pro-
tein concentration by using immunoassays.
Dairy products are usually subjected to heat treat-
ment to make them safe for human consumption and to 
extend their shelf life (Zanabria et al., 2014). However, 
heating can induce denaturation, aggregation, and 
even gelation of milk proteins (Wijayanti et al., 2014). 
Therefore, if MFGM proteins are going to be used as 
a source of nutraceutical compounds, the effect of heat 
treatments on them is of interest.
The hydrolysis of milk proteins with food-grade 
proteinases offers an efficient way to obtain products 
partially or extensively hydrolyzed for individuals with 
allergies (Bu et al., 2013). Furthermore, milk proteins 
are precursors of many biologically active peptides, 
which are released by proteolytic enzymes (Korhonen, 
2009). Peptides derived from caseins and whey proteins 
have been extensively studied (Phelan et al., 2009; 
Madureira et al., 2010), whereas little is known about 
peptides from MFGM proteins.
The purpose of this study was to develop an ELISA 
for the quantification of lactadherin in raw (buttermilk 
and whey) and commercial (skim milk, buttermilk, 
and butter serum) dairy by-products. Furthermore, 
the concentration of immunoreactive lactadherin was 
estimated in raw products subjected to different heat 
treatments and in commercial products hydrolyzed us-
ing 3 enzymatic preparations.
MATERIALS AND METHODS
Extraction of MFGM and Lactadherin- 
Enriched Fraction
The MFGM fraction was obtained from raw bovine 
milk supplied by a local dairy industry (Villacorona, 
El Burgo de Ebro, Spain). Milk was heated at 50°C 
and separated into cream and skim milk using a cream 
separator (ARR-DES 125, Suministros Químicos Ar-
royo, Santander, Spain). Cream was washed 3 times 
with Milli-Q water (Millipore, Billerica, MA) to remove 
caseins and whey proteins and centrifuged between 
each wash at 3,400 × g for 15 min at 4°C. Then, washed 
cream was churned to obtain butter and buttermilk. 
Butter was heated at 40°C for 15 min and centrifuged 
at 3,000 × g for 15 min, resulting in an upper phase 
(oil) and a lower phase (butter serum). Buttermilk and 
butter serum were mixed in a proportion of 7:1 (vol/
vol), filtered through glass wool, and acidified to pH 4.8 
with 1 M HCl. The mixture was stirred for 30 min and 
centrifuged at 40,000 × g for 30 min at 4°C to obtain 
the precipitated MFGM fraction. Afterward, this frac-
tion was subjected to centrifugation at 25,000 × g for 1 
h at 4°C, and the supernatant was considered the lac-
tadherin-enriched fraction (EF). Total protein content 
of lactadherin-EF was determined by the bicinchoninic 
acid (BCA) protein assay kit (Pierce Biotechnology, 
Rockford, IL).
The MFGM fraction was analyzed by SDS-PAGE 
and bands corresponding to the molecular weight of 
lactadherin were cut from the gel and analyzed by ma-
trix-assisted laser desorption/ionization time-of-flight 
(MALDI-TOF) MS at the Proteomic Platform of the 
Barcelona Scientific Park (Barcelona, Spain).
Isolation of Lactadherin
The first step to obtain lactadherin was delipidation 
of the MFGM fraction, as described by Kanno et al. 
(1975). In this procedure, 9 volumes of a mixture of 
chloroform: methanol (2:1, vol/vol) was mixed with 1 
volume of MFGM fraction suspended in distilled water 
and stirred overnight at 4°C to obtain an emulsion. The 
emulsion was broken by adding 1 volume of Milli-Q 
water (Millipore) and centrifuging at 3,400 × g for 15 
min at 4°C. The material between the chloroform phase 
and the methanol-water phase was collected and the 
residual solvent was evaporated under vacuum. Finally, 
the delipidated MFGM fraction was freeze-dried.
The remainder of the procedure for the isolation of 
lactadherin was a modification of the method described 
by Kim et al. (1992). Briefly, the delipidated MFGM 
fraction was suspended in 0.2 M NaCl and centrifuged 
at 25,000 × g for 1 h at 4°C. The pellet was dispersed 
in 0.1 M Tris-HCl (pH 8.2), containing 5 M urea, 1 
M KCl, and 20 mM benzamidine and centrifuged at 
40,000 × g for 30 min at 4°C. The supernatant was 
concentrated using centrifugal filters with a 10-kDa 
cut-off (Merck Millipore, Darmstadt, Germany) and 
subjected to gel filtration on a Sephacryl S-200 column 
(GE Healthcare, Uppsala, Sweden). Chromatographic 
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fractions containing lactadherin were collected, concen-
trated, and dialyzed for 2 d against 10 mM Tris-HCl 
(pH 7.2) with 0.15 M KCl, 0.2 M NaCl, 1 mM MnCl2, 
and 1 mM CaCl2, with several changes. Afterward, this 
material was subjected to affinity chromatography on 
a Concanavalin A Sepharose 4B column (GE Health-
care). The lactadherin bound to the gel was eluted with 
400 mM α-methyl-mannopyranoside (Sigma-Aldrich, 
St Louis, MO). Fractions containing lactadherin were 
concentrated, dialyzed, and analyzed by electrophoresis 
and Western blotting.
Preparation of Raw Buttermilk and Whey
Cream obtained from raw bovine milk was churned 
as described above to produce butter and buttermilk. 
Then, the buttermilk was filtered through cheese cloth 
and glass wool to remove remaining butter granules.
Whey was obtained from skim milk by enzymatic 
coagulation. Recombinant chymosin (Chr. Hansen, 
Hørsholm, Denmark) was added to skim milk according 
to the manufacturer’s recommendations. After coagula-
tion for 45 min at 35°C, whey was recovered by decant-
ing the coagulum and filtering it through glass wool.
Buttermilk and whey were freeze-dried and stored at 
−20°C until use. Protein contents of these products was 
determined by the BCA.
Commercial Products
Three commercial dairy by-products were used in 
this study: skim milk, butter serum, and buttermilk, 
all supplied as powders. According to manufacturer 
specifications, all were obtained from pasteurized bo-
vine milk (72°C for 15 s). Skim milk and butter serum 
are by-products derived from the process used to obtain 
anhydrous milk fat. Skim milk is obtained by centrifu-
gation in the process of concentrating fat to 75%. But-
ter serum is the liquid phase obtained after phase inver-
sion of concentrated fat and subsequent melting and 
centrifugation. Buttermilk is released in the process of 
churning cream to prepare butter. The protein content 
of these products was determined by the BCA assay.
Heat Treatment of Raw Buttermilk and Whey
Heat treatments applied to raw buttermilk and whey 
were performed as described by Parrón et al. (2016). 
Briefly, aliquots of whey and buttermilk were placed 
in glass Erlenmeyer flasks and transferred to a thermo-
static bath at the desired temperature (±0.1°C). The 
temperature inside the samples was monitored by using 
a digital thermometer. The treatments applied were 
45°C for 60 min; 55°C for 60 min; 65°C for 60 min; 72°C 
for 15 s, 1 min, 10 min, or 60 min; 75°C for 20 s or 10 
min; 80°C for 20 s or 10 min; and 85°C for 20 s or 10 
min. After heat treatment, samples were immediately 
cooled by immersion in an ice-water bath and stored at 
−20°C until freeze-drying.
Hydrolysis of Commercial Products
Hydrolysis of proteins from skim milk, buttermilk, 
and butter serum was carried out according to Ripollés 
et al. (2016). The enzymatic preparations used were Al-
calase 2.4 L (Sigma-Aldrich), Prolyve 1000 (kindly sup-
plied by Lyven Enzymes Industrielles, Caen, France), 
and Corolase PP (AB Enzymes, Darmstadt, Germany). 
Alcalase and Prolyve were added at 0.5% (vol/vol) and 
Corolase PP at an enzyme: substrate ratio of 1% (wt/
wt). All hydrolysis treatments were carried out at a 
constant pH of 7.0 for 4 h using a pH Stat (842 Tit-
rando, Metrohm, Herisau, Switzerland). The enzyme 
was inactivated by heating the hydrolysates at 90°C for 
20 min. Hydrolysates were freeze-dried and stored at 
−20°C until analysis.
SDS-PAGE and Western Blotting
The MFGM fraction, purified lactadherin, and heat-
treated samples were analyzed by SDS-PAGE accord-
ing to the method of Laemmli (1970). Samples were 
mixed (1:1) with 126 mM Tris-HCl, pH 6.8, containing 
20% glycerol, 4% SDS, and 0.02% bromophenol blue, 
and treated at 100°C for 5 min. For electrophoresis 
under reducing conditions, buffer was supplemented 
with 10% β-mercaptoethanol. Afterward, samples and 
molecular weight markers from Thermo Fisher Scien-
tific (Waltham, MA) or GE Healthcare were applied 
to 4–20% or 10% (wt/vol) precast polyacrylamide gels. 
Electrophoresis was carried out using a Mini-Protean 
Tetra Cell (Bio-Rad Laboratories, Hercules, CA) at 
180 V for 30 min. Gels were stained with Coomassie 
blue or silver nitrate according to standard procedures. 
The presence of lactadherin in the purified fraction was 
confirmed by Western blotting, according to the proce-
dure described by Benfeldt et al. (1995), using specific 
antibodies kindly donated by Jan Trige Rasmussen 
(Protein Chemistry Laboratory, University of Aarhus, 
Denmark).
Obtaining Rabbit Antiserum Against Lactadherin
The procedure used for obtaining rabbit antiserum 
against lactadherin was a modification of that de-
scribed by Drenckhahn et al. (1993). Electrophoretic 
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bands corresponding to lactadherin, as confirmed by 
MALDI-TOF MS, were cut from 10 lanes with a sterile 
scalpel. Then, the bands were homogenized and sus-
pended in 0.5 mL of a phosphate buffer (PBS; 8.1 mM 
Na2HPO4, 1.4 mM KH2PO4, 0.14 mM NaCl, 2.6 mM 
KCl, pH 7.4), mixed with 0.5 mL of complete Freund’s 
adjuvant (Sigma-Aldrich), and sonicated for 45 s to 
obtain an emulsion. This mixture was inoculated sub-
cutaneously into rabbits. After 1 mo, the rabbits were 
inoculated again using incomplete Freund’s adjuvant 
(Sigma-Aldrich). Ten days after the second immuniza-
tion, rabbits were bled from the ear vein. Thereafter, 
rabbits were immunized and bled every 2 wk until 3 
blood extractions were obtained. Blood was coagulated 
at room temperature and centrifuged at 1,000 × g for 
10 min to obtain antiserum, which was kept at −20°C.
Noncompetitive and Indirect Competitive ELISA
Noncompetitive ELISA was used for the titration 
of rabbit antisera, as described below. First, the wells 
of the 96-well microtiter plates (Nunc A/S, Roskilde, 
Denmark) were coated with 120 µL of lactadherin-EF 
at a concentration of 10 µg/mL in 50 mM Na2CO3, pH 
9.6. After incubating overnight at 4°C, the wells were 
washed 5 times with 300 µL of distilled water, and the 
residual protein binding sites were blocked with 300 
µL/well of 3% ovalbumin in PBS for 2 h at 37°C. Then, 
the wells were washed with 300 µL of distilled water, 
air-dried, and stored at 4°C until use. For the titration 
assay, wells were washed 3 times with PBS containing 
0.05% Tween-20 (PBS-T) and incubated with 100 µL 
of serial dilutions of rabbit antisera at 37°C for 1 h. 
Then, the wells were washed 5 times with PBS-T and 
incubated with 100 µL of goat anti-rabbit IgG conju-
gated with peroxidase (Sigma-Aldrich) diluted 1:4,000 
in PBS. After washing the wells 5 times with PBS-T, 
they were incubated with 100 µL of 3,3′,5,5′tetrameth-
ylbenzidine (TMB) substrate (ZEULAB, Zaragoza, 
Spain) at room temperature for 20 min. The enzymatic 
reaction was stopped by adding 50 µL per well of 2 M 
H2SO4, and absorbance was measured at 450 nm using a 
microplate reader (Multiskan MS, Labsystem Helsinki, 
Finland). This titration allowed us to determine the 
optimal dilution of the antiserum for the competitive 
ELISA.
Indirect competitive ELISA was used to determine 
the concentration of lactadherin in dairy by-products 
before and after being subjected to heat and hydrolysis 
treatments. To perform the assay, the wells were coated 
as described above. After washing the wells 3 times 
with PBS-T, a volume of 50 µL of standard or sample 
was added to wells, together with 50 µL of the antise-
rum from the third extraction diluted 1:400 in PBS, 
incubating the plate at 37°C for 1 h. The lactadherin-
EF at protein concentrations between 5 and 250 µg/mL 
was used as standard. After this incubation, the wells 
were washed 5 times with PBS-T and the procedure 
followed as described for the titration assay (noncom-
petitive ELISA).
Statistical Analysis
Data were analyzed for statistical significance using 
IBM SPSS software 22.0 (IBM Corp, Armonk, NY). 
Levene’s test was applied to check homoscedasticity 
of the data, and the Shapiro-Wilk test was applied to 
check Gaussian distribution before data analysis by 
one-way ANOVA. Games-Howell post hoc test was 
used to assess differences between mean values. Data 
were considered significantly different when P < 0.05.
RESULTS
Obtaining Rabbit Antisera Against  
Lactadherin and Titration
The isolated MFGM fraction was characterized by 
electrophoresis (Figure 1). The 2 major bands, A and 
B, with a molecular weight between 40 and 55 kDa 
were cut from the gel and analyzed by MALDI-TOF 
MS. Bands A and B had sequence coverage of 75.41 
and 75.88% for PAS-6 and PAS-7, respectively. These 
2 bands were used to immunize rabbits to raise specific 
antisera, which were used to develop the indirect com-
petitive ELISA for the determination of lactadherin 
concentration.
The titer of an antiserum is defined as the inverse 
of the dilution that yields half of the maximum ab-
sorbance (A450nm) in an indirect noncompetitive ELISA 
(Switzer and Garrity, 1999). In our study, the titer of 
antisera increased with subsequent extractions, being 
about 181, 256, and 512 for the first, second, and third 
extractions, respectively (Figure 2).
Determination of Lactadherin Concentration  
in Enriched Fraction
Purified lactadherin was characterized by SDS-PAGE 
(Figure 3a) and Western blotting using specific anti-
bodies (Figure 3b). A calibration curve was obtained 
for the indirect competitive ELISA (Figure 4a), us-
ing the relationship between the values of absorbance 
and the logarithm of the concentration of lactadherin 
standards dissolved in PBS, which was linear within 
a range from 4 to 206 mg/mL (R2 >0.96). Then, the 
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lactadherin concentration in the EF was determined by 
interpolation of its absorbance values in the calibration 
curve obtained with the purified protein.
The concentration of lactadherin in the EF was 43% 
of total protein content. This EF was used to prepare 
standards for the indirect competitive ELISA, obtain-
ing calibration curves such as that shown in Figure 4b. 
Thus, a correction factor of 0.43 was applied to calcu-
late the actual concentration of lactadherin in the dairy 
samples analyzed.
Concentration of Lactadherin in Dairy By-Products
Total protein concentration, determined by BCA as-
say, was similar among all dairy by-products except 
for whey, which had the lowest content (Table 1). The 
concentration of lactadherin in the commercial dairy 
by-products differed depending on their origin, rang-
ing between 4.84 and 5.27 mg/g of product; buttermilk 
had the highest content. Raw buttermilk contained a 
greater amount of lactadherin (6.79 mg/g) than com-
mercial products and the proportion of lactadherin to 
total protein content was also higher. The concentra-
tion of lactadherin was lower in whey than in other 
products (1.20 mg/g).
Effect of Heat Treatment on the Immunoreactivity  
of Lactadherin
Raw whey and buttermilk subjected to heat treat-
ments of differing intensity were analyzed by SDS-
PAGE under nonreducing conditions. The bands cor-
responding to the glycosylation variants of lactadherin, 
PAS-6 and PAS-7, were less intense in raw whey (Fig-
ure 5a) than in raw buttermilk (Figure 5b), which is in 
agreement with the lower content of lactadherin found 
in raw whey. Heat treatment of buttermilk resulted in 
a decrease in the intensity of lactadherin bands, which 
were not visible after treatment at 75°C for 20 s. In the 
case of heated whey, it was difficult to discern changes 
in lactadherin bands because they were faint and dif-
fuse.
The effect of heat treatment on lactadherin concen-
tration, determined by ELISA, is shown in Figure 6. 
In both whey and buttermilk, the concentration of im-
munoreactive lactadherin decreased with the intensity 
of heat treatment. The differences compared with the 
Figure 1. Sodium dodecyl sulfate-PAGE of the milk fat globule 
membrane (MFGM) fraction isolated from raw bovine milk. Lane 1 = 
molecular mass marker (220, 170, 116, 76, 53 kDa); lane 2 = MFGM 
fraction. Bands identified as A and B, corresponding to lactadherin 
glycosylation variants according to their molecular mass, were re-
moved and analyzed by matrix-assisted laser desorption/ionization-
time of flight (MALDI-TOF) MS. Electrophoresis was performed un-
der reducing conditions in 10% polyacrylamide gel that was stained 
with Coomassie blue.
Figure 2. Titration of rabbit antisera against lactadherin obtained 
from the first (●), second (■), and third (▲) extractions through non-
competitive ELISA.
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Figure 3. Sodium dodecyl sulfate-PAGE (a) and Western blotting 
(b) of purified bovine lactadherin. Lane 1 = molecular mass marker 
(220, 170, 116, 76, 53 kDa); lane 2 = pure lactadherin. Electrophoresis 
was performed under reducing conditions in 4 to 20% polyacrylamide 
gel that was stained with silver nitrate. Western blotting was done by 
using specific antibodies against lactadherin.
Figure 4. Calibration curve obtained for pure bovine lactadherin 
(a) and for lactadherin-enriched fraction (b) by an indirect competi-
tive ELISA. Values represent the mean of at least 9 replicates from 3 
independent experiments.
Table 1. Concentration of total protein and lactadherin in dairy by-products, determined by bicinchoninic 
acid assay and indirect competitive ELISA, respectively1
Dairy by-product







Commercial skim milk 301.03 ± 15.81 4.84 ± 0.38 1.61
Commercial butter serum 247.77 ± 11.36 4.86 ± 0.36 1.96
Commercial buttermilk 286.63 ± 26.84 5.27 ± 0.24 1.84
Raw buttermilk 225.63 ± 26.84 6.79 ± 0.26 3.01
Raw whey 127.88 ± 6.19 1.20 ± 0.20 0.94
1Values represent the mean ± SD of at least 9 replicates from 3 independent experiments. 
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untreated product were statistically significant in some 
cases (P < 0.05).
The effect of heat treatment on lactadherin concentra-
tion differed depending on the dairy by-product. Heat 
treatments resulted in a greater decrease of lactadherin 
in whey than in buttermilk when both products were 
treated at 72°C for 10 min or higher intensity, except 
for the treatment at 75°C for 20 s. Heat treatments of 
whey at 72°C for 60 min and buttermilk at 85°C for 10 
min resulted in the greatest decreases in lactadherin 
concentration. After these treatments, the percentage 
of lactadherin remaining was about 52% in whey and 
72% in buttermilk.
Effect of Hydrolysis on the Immunoreactivity  
of Lactadherin
The effect of incubation with enzyme preparations 
(Alcalase, Prolyve, and Corolase PP) on the concen-
tration of immunoreactive lactadherin in commercial 
products is shown in Figure 7. For all enzymatic 
preparations and products assayed, the concentration 
of lactadherin decreased markedly, by more than 80% 
of the initial value, within the first 5 min of treatment. 
Thereafter, lactadherin decreased slowly and a residual 
immunoreactivity of 10 to 20% remained after 4 h of 
incubation. Alcalase caused the greatest reduction of 
lactadherin concentration after 4 h of hydrolysis in 
skim milk and buttermilk, and Corolase PP caused the 
greatest reduction of lactadherin in butter serum. For 
all incubation times and all enzyme preparations, the 
differences were statistically significant (P < 0.001) 
compared with the nonhydrolyzed product.
DISCUSSION
The proteins present in the MFGM account for 1 to 
2% of total protein content in bovine milk and they 
are present in different locations within the membrane 
(Dewettinck et al., 2008). The major bovine MFGM 
proteins are butyrophilin, adipophilin, xanthine oxido-
reductase, and lactadherin (Affolter et al., 2010). Our 
study focused on lactadherin, a protein loosely attached 
to the MFGM that is also expressed in other tissues 
and for which several biological functions have been 
proposed (Rasmussen, 2009).
The concentration of lactadherin in dairy by-prod-
ucts was calculated by an indirect competitive ELISA 
developed in the present study. The concentration of 
lactadherin in products derived from the processing of 
milk fat, buttermilk, butter serum, and skim milk was 
higher than that in whey, which can be explained by 
the higher content of MFGM fragments in those frac-
tions. Several authors have indicated that buttermilk 
and butter serum are enriched in components derived 
from the MFGM (Rombaut et al., 2006; Vanderghem et 
al., 2010). To date, few studies have been performed to 
Figure 5. Sodium dodecyl sulfate-PAGE of heat-treated bovine 
whey (a) and buttermilk (b). Lane 1 = untreated product; lane 2 = 
treated at 45°C for 60 min; lane 3 = 55°C for 60 min; lane 4 = 65°C 
for 60 min; lane 5 = 72°C for 15 s; lane 6 = 72°C for 1 min; lane 7 = 
72°C for 10 min; lane 8 = 72°C for 60 min; lane 9 = 75°C for 20 s; lane 
10 = 75°C for 10 min; lane 11 = 80°C for 20 s; lane 12 = 80°C for 10 
min; lane 13 = 85°C for 20 s; lane 14 = 85°C for 10 min; lane 15 = 
molecular mass marker (170, 130, 100, 70, 55, 40, 35, 25, 15, 10 kDa). 
Electrophoresis was performed under nonreducing conditions in 4 to 
20% polyacrylamide gel that was stained with Coomassie blue. The 
dotted box area in the 2 electrophoreses indicates lactadherin bands.
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estimate the concentration of MFGM proteins in dairy 
by-products, probably because of their hydrophobic 
nature and association with the fat globule membrane. 
Fong and Norris (2009) determined the concentration 
of 6 MFGM proteins in 2 buttermilk protein concen-
trates containing 50 to 60% protein, by using the abso-
lute quantification technique. This technique is based 
on the measurement of cleavage peptide sequences by 
liquid chromatography-high resolution selected reac-
tion monitoring mass spectrometry. Fong and Norris 
(2009) found that the concentration of lactadherin 
in buttermilk concentrates varied between 20 and 56 
mg/g of product, depending on the peptide sequence. 
These values are much higher than those obtained in 
our study, presumably because of the different tech-
nique used for quantification and the protein contents 
of the dairy products analyzed.
Recently, Holzmüller and Kulozik (2016) calculated 
the concentrations of lactadherin, butyrophilin, and 
xanthine oxidoreductase in buttermilk and butter se-
rum obtained from raw bovine milk. The technique used 
in that study was based on the relationship between 
the fluorescence intensity of protein bands separated 
by electrophoresis and their tryptophan content. Those 
authors reported a lactadherin concentration of 0.85 
g/L in buttermilk, which represents around 2.5% of the 
total protein content in that product. This percentage 
is similar to that obtained in our study, in which lac-
tadherin accounted for 3% of total protein in raw but-
termilk. Furthermore, Holzmüller and Kulozik (2016) 
reported that the amount of lactadherin as a percent-
age of total protein was higher in butter serum than in 
buttermilk. This fact is in agreement with our results 
and can be explained by the comparatively higher level 
of MFGM components in butter serum than in but-
termilk.
The intensity of electrophoretic bands corresponding 
to lactadherin in raw buttermilk and whey decreased 
with heat treatment, although is difficult to estimate 
the true concentration because bands were not well de-
fined. The effect of heat treatment on lactadherin has 
been analyzed by electrophoresis previously. Houlihan 
et al. (1992a) reported a large decrease in the intensity 
of lactadherin bands (PAS-6 and PAS-7) in a MFGM 
fraction obtained from whole milk treated at 80°C for 
20 min. Likewise, Ye et al. (2002) observed a clear 
decrease in the intensity of electrophoretic bands corre-
sponding to lactadherin in the MFGM fraction isolated 
from washed cream heated at 80°C for 10 min. Further-
more, Ye et al. (2002) noted that treatment at 70°C for 
40 min did not result in a great decrease in lactadherin 
band intensity in washed cream, as determined by 
SDS-PAGE under nonreducing conditions. In contrast, 
Lee and Sherbon (2002) analyzed MFGM fractions ex-
tracted from raw milk and from milk treated at 80°C 
for 3 to 18 min by SDS-PAGE and found that the band 
corresponding to PAS-6 disappeared after treatment, 
whereas the band corresponding to PAS-7 was weakly 
stained regardless of the duration of heat treatment. 
The results obtained by Lee and Sherbon (2002) are in 
conflict with those obtained by Ye et al. (2004), who 
reported that the PAS-7 band of a MFGM fraction ob-
Figure 6. Effect of heat treatment on lactadherin concentration in buttermilk (black bars) and whey (gray bars), determined by indirect 
competitive ELISA. Values represent the mean ± SD of at least 9 replicates from 3 independent experiments. Asteriks indicate SD with respect 
to the untreated corresponding product.
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tained from whole milk treated for 10 min at >75°C or 
at 70°C for >20 min almost disappeared in electropho-
resis gels, whereas PAS-6 decreased only slightly with 
increasing heat treatment intensity. In some studies, 
the MFGM fraction was isolated after heat treatment 
of milk or cream and, because lactadherin could have 
been displaced from skim milk components to the se-
rum phase, the actual content of this protein could have 
been underestimated (Houlihan et al., 1992b; Ye et al., 
2004). Furthermore, these results should be carefully 
considered because of the different staining behavior of 
proteins (Holzmüller and Kulozik, 2016).
In the last decades, ELISA has been extensively used 
to measure proteins in milk and determine their loss 
of immunoreactivity after applying technological treat-
ments (Jeanson et al., 1999; Mayayo et al., 2014). We 
consider that results obtained by ELISA using specific 
antisera against the target protein are more accurate 
and reliable for determining the extent of denaturation 
than electrophoresis and measurement of electrophoretic 
band intensity. Besides electrophoresis, other methods 
have been used for determining milk proteins, such as 
HPLC. Although ultra-HPLC (UHPLC) coupled with 
tandem MS (MS/MS) is a very accurate technique and 
could be an alternative to immunochemical techniques, 
such as ELISA, there are many advantages of the latter 
versus the former: ELISA is a high-throughput method 
and the sample does not need any special preparation. 
Moreover, the equipment used for UHPLC-MS/MS, to-
gether with the internal standards and reagents, make 
the technique much more expensive than ELISA. In 
contrast, ELISA can be performed in most laboratories, 
because only a microplate reader and basic laboratory 
materials are required. Because it is essential to analyze 
lactadherin in commercial heat-treated samples, par-
tially denatured or aggregated proteins could be lost in 
the sample preparation (including filtration) required 
for UHPLC; therefore, the obtained concentration 
values might be lower than actual concentrations. Al-
though some of the conformational epitopes can be lost 
during processing treatments, linear epitopes usually 
resist those treatments and react with antibodies, mak-
ing it possible to estimate the degree of denaturation 
(de Luis et al., 2007). Finally, UHPLC-MS/MS requires 
prior enzymatic digestion for sample preparation and, 
because this treatment is not very repeatable, it should 
be considered a technique for confirmation rather 
than for screening or quantification of the proteins 
(Baumgartner, 2010).
By means of competitive ELISA, we found that the 
concentration of lactadherin in whey and buttermilk 
subjected to heat treatment decreased with increasing 
temperature and duration of treatment to levels 50% of 
those in the untreated product. These results indicate 
that lactadherin is relatively stable to heat treatment. 
It is possible that the remaining immunoreactivity of 
lactadherin after heating dairy products would be due 
Figure 7. Effect of hydrolysis on the concentration of lactadherin 
in commercial skim milk (a), butter serum (b) and buttermilk (c), de-
termined by indirect competitive ELISA. The enzymatic preparations 
used were Alcalase (black bars; Sigma-Aldrich Co., St. Louis, MO), 
Corolase PP (checked bars; AB Enzymes, Darmstadt, Germany), and 
Prolyve (striped bars; Lyven Enzymes Industrielles, Caen, France). 
Values represent the mean ± SD of at least 6 replicates from 3 inde-
pendent experiments.
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to linear epitopes that are not denatured, as has been 
shown for other milk proteins (Wehbi et al., 2005; de 
Luis et al., 2007).
Recently, Zhang et al. (2016) reported that pasteuri-
zation of bovine milk at 62°C for 30 min resulted in 
a decrease in lactadherin content of around 25% by 
using liquid chromatography-MS/MS. This decrease is 
greater than that obtained in our study after heating 
raw buttermilk (13.2% decrease) and whey (12.4% de-
crease) at 65°C for 60 min, a similar temperature-time 
combination.
Taking into consideration that dairy products are 
often subjected to enzymatic hydrolysis to reduce their 
allergenicity (Bu et al., 2013), we studied the effect of 
treatment with food-grade proteinases on lactadherin 
content in commercial dairy products. The hydrolysates 
obtained with Alcalase, Corolase, and Prolyve of the 
same commercial products used in the present study 
were analyzed by electrophoresis in a previous study 
(Ripollés et al., 2016) in which antioxidant properties 
of hydrolysates were evaluated. The electrophoretic 
profiles showed that the 3 enzymes hydrolyzed almost 
all proteins in the first 5 min of incubation. The results 
of that study are in accordance with those obtained 
in the present work, because after 5 min of hydrolysis, 
immunoreactive lactadherin decreased by around 80% 
in all products, with the concentration remaining con-
stant thereafter throughout 4 h of treatment. The high 
extent of hydrolysis obtained with commercial prepara-
tions in the present study is in accordance with the 
results obtained by Ye et al. (2011), who reported that 
the 2 glycosylation variants of lactadherin were almost 
completely hydrolyzed after treatment of raw milk with 
pepsin at 1.6 mg/mL for 30 min. However, other au-
thors have reported that human and bovine lactadherin 
are partly resistant to gastric conditions and pepsin 
activity (Peterson et al., 1998; Le et al., 2012) and to 
other enzymes such as trypsin or pronase E (Vander-
ghem et al., 2011). The resistance of bovine lactadherin 
to gastric conditions has been attributed to the protec-
tive effect of the lipids contained in the MFGM, be-
cause the peptic resistant moiety was hydrolyzed with 
pancreatin-containing lipases and phospholipases (Le et 
al., 2012). Despite the high content of lipids in the com-
mercial products used in this study, lactadherin was hy-
drolyzed rapidly, probably due to the different cleavage 
sites of the enzymes used. These enzymes seem to break 
the immunoreactive linear epitopes of lactadherin that 
are not affected by heat treatment. Previous authors 
have reported substantial loss of immunoreactivity of 
milk proteins subjected to hydrolysis (Wróblewska and 
Troszyńska, 2005; Do et al., 2016). The loss of lacta-
dherin observed in this study after hydrolysis of dairy 
by-products with Alcalase, Prolyve, and Corolase PP 
suggests that many peptides would have been released 
from the native protein. These peptides may exert 
many functions as other peptides from milk proteins 
do, such as lactoferricin and lactoferrampin released 
from lactoferrin, β-lactotensin from β-lactoglobulin, 
or α-lactorphin from α-lactalbumin (Madureira et al., 
2010). Further research is needed to determine whether 
the peptides derived from lactadherin possess biological 
activities.
CONCLUSIONS
Dairy by-products from milk fat processing (skim 
milk, butter serum, and buttermilk) and, to a lesser 
extent, whey constitute an excellent source for isolating 
lactadherin with the aim of adding it to functional prod-
ucts. Raw buttermilk had the highest concentration of 
lactadherin (6.79 mg/g) of the by-products tested. Heat 
treatment of dairy products is an efficient way to en-
sure safety during shelf life while maintaining a certain 
level of lactadherin. However, further experiments are 
required to check whether the potential bioactivity of 
lactadherin is preserved after such treatments. Hydroly-
sis with food-grade proteinases produced a marked de-
crease of lactadherin concentration, much greater than 
that resulting from heat treatment. Peptides released 
from lactadherin by the action of proteolytic enzymes 
could have nutritional, functional, or biological activi-
ties, constituting a new challenge for dairy research.
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